To warn of the stability of retaining wall structures with damage, a simplified mechanical model and a finite element model of this retaining wall-soil coupling system are established. Via finite element model updating, a baseline finite element model of the wall-soil system is acquired. A damage alarming index ERSD (Energy Ratio Standard Deviation) is proposed via the wavelet packet analysis of a virtual impulse response function of dynamic responses to this baseline finite element model. The internal relationships among the alarming index, earth pressure, and damage stability of the wall are analyzed. Then, a damage stability alarming method for the retaining walls is advanced. To verify the feasibility and validity of this alarming method, vibration tests on the baseline finite element model of a pile plate retaining wall are performed. The ERSD is used as an alarm for the damage stability of the wall. Analysis results show that, with an increase in the ERSD, the stability of the wall changes from a stable state to an unstable one. The wall reaches a critical stable state when the alarming index reaches its threshold value. Thus, the damage stability of this pile plate retaining wall can be alarmed via ERSD.
Introduction
Retaining wall structures, which are a common type of retaining structures, are mainly used to support foundation ditches and stabilize slopes. Hence, retaining wall structures are widely used in building engineering, transportation engineering, underground engineering, and related fields. However, a retaining wall may lose stability or collapse under the influences of many factors (such as variations in temperature or humidity, material degradation, and load variation). Additionally, some terrible accidents may occur once the wall collapses. In 2008, an underground wall collapsed in Hangzhou City of Jiangsu Province, China, causing 45 deaths, many injures, and huge economic losses. In 2014, a retaining wall collapsed in Qingdao City of Shandong Province, China, causing 18 deaths and several injures. In 2016, a wall collapsed in Quanzhou City of Fujian Province, China, causing 2 deaths and 6 injuries. Thus, much more attention is now being paid to stability of retaining wall structures caused by damage to avoid or reduce similar accidents in the future.
The stability of retaining walls includes both static and dynamic stability. To date, studies of the static stability of retaining walls have investigated influences such as wall height, wall width, uniform loads, and the cohesion and internal friction angle of the backfill on the static stability of retaining walls. Vijayakumer et al. analyzed the static stability of retaining walls at Dewarwadi of Belagavi, India. They found that the existing walls were safe but uneconomical and oversized. To save materials, optimal dimensions of retaining walls were proposed [1] . Liu and Chen analyzed the stability of a new type of walls with relieving plates by the FEM (Finite Element Method). The width of the relieving plates influenced the stability of the walls, and a reasonable value of relieving-plate width should be considered in real engineering [2, 3] . Liu et al. analyzed influences such as wall height, uniform loads, and the internal friction angle of backfill on static stability of a cantilever retaining wall [4] . To improve the stability of counterfront retaining walls, a relief shelf was fixed in a counterfort retaining wall. Tonne and Mohite analyzed the influence of position of the relief shelf on the satiability of the wall [5] . Akihiro et al. studied the antisliding stability of a dry masonry block retaining wall with resistance plates. The resistance plates contributed well to reducing the greater horizontal earth pressure acting on 2 Shock and Vibration the block body and to improving the stability of the wall [6] . To verify the structural performance of masonry walls, nondestructive tests on a masonry wall with multileaves were carried out by Boscato et al. The structural integrity, the efficacious of consolidating intervention, and the potential performance mechanisms of masonry walls with different complex multileaves were evaluated [7, 8] . Investigations on dynamic stability of the walls studied the effects of earthquakes or other dynamic loads on the wall stability. Wang et al. analyzed the antioverturning stability of a retaining wall by the pseudodynamic method and investigated the effects of the wall inclination, wall friction angle, and soil friction angle on the antioverturning stability of the wall. Both horizontal and vertical seismic acceleration decreased the overturning stability of the retaining wall [9] . Based on the multiblock upper-bound method, Huang et al. proposed a theoretical model of seismic rotational stability of a gravity retaining wall with consideration of the influence of embedment depth [10, 11] . Pain et al. analyzed the rotational stability of a gravity retaining wall on rigid foundation via the limit equilibrium method [12] . Anindya et al. studied the antisliding stability of a retaining wall by a modified pseudodynamic method under the effect of seismic loads [13] . Syed and Deepankar analyzed the stability of waterfront retaining walls under the effects of seismic loads and tsunamis. In comparison with the studies presented, many conclusions were drawn [14] . Considering the influences of time-frequency effects and seismic wave duration on the stability of retaining walls, Yang et al. proposed a time-frequency method to analyze the seismic stability of the retaining wall and studied the effects of internal frictional angle of the backfill, seismic intensity, and frequency of earthquake waves on seismic stability. They also provided valuable references for the timefrequency seismic design of other retaining structures [15] . Zhang et al. investigated the antisliding stability of a retaining wall with prestressed ropes under seismic loads based on the kinematical approach of the upper-bound theorem. It was found that enhancing the prestressed rope force effectively improved the critical yield acceleration factor [16] . Li et al. analyzed the seismic stability of gravity retaining walls based on the upper-bound theorem of the limit analysis method. In comparison with vertical acceleration, horizontal acceleration had much more influence on the wall stability. However, under certain conditions, the effects of vertical acceleration were considerably large and could not be neglected [17] . Zhou et al. investigated the seismic stability of a water front retaining wall via the pseudodynamic method. The effects of seismic acceleration, amplification factor, wall height, physicomechanical parameters of backfill soil, and hydrodynamic pressure acting on the water front retaining wall on antisliding safety factors and antioverturning safety factors of the retaining wall were quantitatively analyzed. It was concluded that the stability of the retaining wall decreased when the earthquake increased its speed, the water level increased, and the internal friction angle decreased [18] . Du et al. sought the relationship between safety factors of retaining walls and reliability indexes and found that the reliability index increased with the increase in wall safety factors [19] . Via the interval analysis method, Zhao et al. established a nonprobabilistic reliability analysis mode for the stability of retaining walls. The stability state of walls was detected by nonprobabilistic reliability indexes [20] . Based on the limit equilibrium analysis, Song et al. investigated the stability analysis method for geocell-reinforced retaining walls. The global stability of a geocell-reinforced retaining wall was predicted [21] . Zhang et al. proposed a simplified method for evaluating the antioverturning stability of a rigid retaining wall [22] . From the above, previous studies on the stability of retaining walls have investigated the influence of various factors (such as wall height, wall width, cohesion and internal frictional angle of backfill, and acceleration) on the stability of retaining walls or proposed updated calculation methods for the wall stability. There are almost no studies regarding the effects of damage within retaining walls on the stability of the walls. There is also no damage stability alarming method for retaining walls. Thus, proposing a damage stability alarming method for retaining wall structures is critical.
In this paper, based on the mechanical analysis of a retaining wall-soil coupling system, technology of finite element model updating, and damage alarming index, the internal relationships among the alarming index, earth pressure, and damage stability of the wall are analyzed. Then, a damage stability alarming method for retaining wall structures is advanced. And the feasibility and validity of this stability alarming method are verified.
Simplified Mechanical Model of a Retaining Wall-Soil Coupling System
Mechanical analysis of a retaining wall-soil system is performed. The interaction between the wall and backfill includes the normal pressure (earth pressure) and tangential friction. Under low strain excitation, it is assumed that both the normal pressure and tangential friction can be replaced with those under static equilibrium [23] . In addition, it is also assumed that the backfill is compressed greatly and that the backfill behind the retaining wall vibrates together with the wall under low strain excitation [24] . Thus, the earth pressure can be equivalent to a series of normal spring element components, and the friction can be equivalent to a series tangential spring element component [25] . According to the literature [25] , it is assumed that the stiffness of normal springs can be equivalent to the coefficient of a subgrade reaction of the backfill and that the stiffness of the tangential springs is a function of the stiffness of normal springs. Sometimes the stiffness of spring elements is called additional stiffness. Thus, the additional stiffness includes the normal stiffness and tangential stiffness . According to Winkler's assumption [26] , the coefficient of subgrade reaction is relevant to itself ( 0 ), the type of backfill, and the displacement of backfill. Thus, the coefficient of subgrade reaction can be expressed as follows:
where is the depth of backfill and 0 and are undetermined parameters.
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Thus, the normal stiffness = = 0 and the tangential stiffness can be expressed as follows:
where is an undetermined parameter. According to the literature [26] , the additional mass can be expressed as follows:
where and are the height and density of the backfill, respectively, and is the equivalent diameter of a unit circle. Similar to (2), (3) can be rewritten as follows:
where 0 and are undetermined parameters. The Rayleigh damping is used to reflect the damping characteristics of the retaining wall-soil coupling system. The Rayleigh damping is determined by the mass damping coefficient and stiffness damping coefficient . and can be, respectively, expressed as follows:
where and are undetermined parameters, is the damping ratio, and and are the th and the th inherent frequency, respectively.
Based on these parameters ( 0 , , , 0 , , , ), the simplified mechanical model of the retaining wall-soil system is acquired, as shown in Figure 1 .
Finite Element Model Updating for the Retaining Wall-Soil Coupling System
Based on the simplified mechanical model of this retaining wall-soil coupling system, a finite element model of the wall-soil system is established by the ANSYS program. The wall is simulated by the Solid 45 elements. The interaction between the wall and the backfill changes when the backfill is damaged. However, the mass of the backfill is constant when the backfill is damaged. Thus, the backfill (additional mass) is simulated by the Mass 21 elements; the interaction (additional stiffness) between the wall and backfill is simulated by the Combining 14 elements, and the damping of this finite element model is the Rayleigh damp. The deformation at the bottom of this model is restrained, and the lateral displacement of the model is restrained. Generally, the finite element model, which is directly established on the basis of undetermined parameters ( 0 , , , 0 , , , ), cannot reflect the true dynamic characteristics of the wall-soil system. Thus, this finite element model should be improved. Based on modal tests and finite element modal analysis, this finite element model is updated. According to the theory of finite element model updating [27, 28] , design variables reach optimum values when objective functions (such as frequencies, mode shapes, and displacement) reach minimum values. In this article, the design variables are undetermined parameters ( 0 , , , subfrequency band signal to the damaged and undamaged structures. However, identifying damage within structures via the wavelet packet decomposition of the response signal is neither precise nor efficient. Thus, the wavelet frequency band energy spectrum is introduced. Under constant excitations, the energy of every subfrequency band signal is calculated via the wavelet packet decomposition. The alarming information can be obtained via comparing the energy of the same subband [30, 31] . However, ES (the wavelet packet frequency band energy spectrum), which is obtained via wavelet packet decomposition of the responses to structures, varies with the changes in excitations. Meanwhile, ES obtained via wavelet packet decomposition of a virtual impulse response function of responses to structures never changes with the variation in stimulations [30] . Thus, ES is obtained via the wavelet packet decomposition of a virtual impulse response function of responses to the retaining wall. Then, FFVS (the wavelet packet feature frequency band vector spectrum) is created, and DFVS (the wavelet packet damage feature vector spectrum) is proposed. Based on DFVS, an alarming index is proposed.
Wavelet packet decomposition of a virtual impulse response function can be expressed as follows:
where is the virtual impulse response function component on subfrequency band and is the number of wavelet packet decomposition layers. In light of the wavelet packet energy spectrum theory [30] , the energy of a virtual impulse response function component can be expressed as follows:
where is the number of signal simple points.
Thus, E (ES of the signal ) is acquired, and E can be expressed as follows:
Next, define the energy ratio ER as follows:
Then, a new energy ratio sequence ER is obtained. ER can be expressed as follows:
ER can be sorted from large to small according to energy ratio values, yielding a new energy ratio sequence ER :
where ER is referred to as ERS (the wavelet packet frequency band energy ratio spectrum). Due to the interference of measurement noise, it is impossible to completely detect the variation of every energy ratio. Generally, only those energy ratios that are much larger are easily identified. Thus, the top frequency bands with larger energy ratios are selected to detect alarming information. Let ≤ 0 :
where is the relative cumulative energy ratio and 0 (0.85∼ 0.95) is a threshold value. It is via 0 that the top energy ratios in ER can be determined. The energy ratio changes in these frequency bands can be used as an alarm for the stability of retaining walls. Nevertheless, the effects of residual frequency bands in ER on the stability alarm should not be ignored. Thus, the residual frequency bands are merged into one band. This band is called the residual frequency band. Then, the energy ratio of the residual frequency band ER +1 is defined as follows:
These ( + 1) frequency bands are called feature frequency bands. Then, the FFVS ER +1 is defined as follows:
On the basis of ER +1 , the energy ratio deviation ERD is defined as follows:
where ER and ER are the energy ratios of the th feature frequency band of structures under initial conditions (without damage) and those under operating conditions, respectively. Then, DFVS ERD +1 is defined as follows:
On the basis of ERD +1 , an alarming index, Energy Ratio Standard Deviation (ERSD), is proposed, and ERSD is expressed as follows:
There is no damage within retaining wall structures when ERSD = 0, and there is damage when ERSD > 0.
Damage Stability Alarming Method for Retaining Wall Structures
The stability of a retaining wall is decided by the earth pressure loading on the wall. The changes in earth pressure cause changes of stability of the wall. The retaining wall will reach a critical stable state when the earth pressure reaches the threshold value. Thus, analysis of the earth pressure is the key to stability alarming for the retaining wall. 
Relationship between the Earth Pressure and the Stability of the Retaining Wall.
Stability of the retaining wall includes two parts, antisliding stability and antioverturning stability. Thus, the antisliding stability and antioverturning stability determine whether the wall is stable. Antisliding safety factor and antioverturning safety factor are used to reflect the antisliding stability and antioverturning stability, respectively. Due to the diversity of retaining wall types, the calculating formulas of and are not the same. However, the general formulas for and can be expressed as follows:
where and are the sliding force and antisliding force on the retaining wall, respectively, and and are the sliding moment and antisliding moment on the wall, respectively, as shown in Figure 3 .
In light of the Code Design for Building Foundation (China), the stable state of a retaining wall can be divided into three levels [32] :
(1) The wall is in a stable state, when ⩾ 1.3 and ⩾ 1.6.
(2) The wall is in a essentially stable state, when 1.0 ≤ < 1.3 or 1.0 ≤ < 1.6.
(3) The wall is in an unstable state, when < 1.0 or < 1.0.
From (18) and (19) , the stability of the retaining wall changes with a variation in earth pressure.
Relationship between the Earth Pressure and Coefficient of
Subgrade Reaction. Here, to simplify the complexity of issues, it is assumed that no external loads or constant loads are applied to the backfill and wall. Additionally, the effects of water pressure on the wall are ignored. The distribution of the earth pressure is linear. In light of the literature [23] , the stress state of the wall-soil system under low strain excitations can be equivalent to that under static equilibrium. Under low strain excitations, the mechanical analysis of a microunit of backfill is as shown in Figure 4 , where is the depth of the microunit, 0 is the initial earth pressure, 0 is the initial void ratio, 0 is the initial length of the microunit, is the volume of the microunit, and 0 is the initial volume of the void. When the earth pressure varies from 0 to , the length of the microunit varies from 0 to , the void ratio varies from 0 to , and the void volume varies from 0 to . In light of the soil mechanic principle [33] , 0 and can be, respectively, expressed as follows:
where is the cross-sectional area of the microunit. According to the soil mechanic principle [33] , let = 1, = 1. The compression deformation Δ can be expressed as follows:
The earth pressure increment Δ can be expressed as follows:
According to definition of the compression index [33] , of the backfill is expressed as follows:
The -lg curve is similar to a straight line (curve (bc)) when the backfill is compressed sufficiently, as shown in Figure 5 . is the slope of this straight line, so is a constant. After substituting (21) into (23), the following is obtained:
According to the assumption above, the earth pressures can be equivalent to a series of spring components. The spring stiffness is equivalent to the coefficient of subgrade reaction . Therefore, (22) can be rewritten as follows:
Substituting (22) into (25), the following is obtained:
Then, (26) can be rewritten as
As mentioned above, = 0 ⋅ . Thus, (27) can be rewritten as After simplification, the following can be obtained:
= 10
( ⋅ + 0 ) 0 = 10
In light of (29), the earth pressure is a function of the coefficient of the subgrade reaction when the backfill is greatly compressed.
Relationships among the Damage Alarming Index, Earth
Pressure, and Damage Stability of the Retaining Wall. According to (29) , variation in the coefficient of subgrade reaction causes variation in earth pressure because is a function of . From (18) and (19) , the variation in earth pressure causes changes to the stability of the retaining wall. Additionally, the variation in causes changes to virtual impulse response functions of the retaining wall-soil coupling system because is a parameter of the baseline finite element model of the wall. Then, variation in virtual impulse response functions causes changes in the alarming index, as shown in Figure 6 . The retaining wall will reach a critical stable state when the alarming index reaches the threshold value. Consequently, the alarming index ERSD can be used to detect the damage stability of this retaining wall.
Examples
A pile plate retaining wall, which is used to verify the feasibility and validity of this alarming method, is a concrete wall (concrete strength grade is C30), as shown in Figure 7 (a). The height of the wall is 2.2 m, the length is 3.0 m, and the thickness is 0.2 m. The foundation of the wall is anchored in backfill, and the anchored depth is 0.6 m. The backfill behind the wall is sand, and the soil in front of the wall is miscellaneous fill. Material parameters of the wall and backfill are shown in Table 1 . After a mechanical analysis of this retaining wall-soil coupling system is performed, a simplified mechanical model of this wall-soil system is created as shown in Figure 7(b) , where is the stiffness coefficient of the spring and is the mass of the backfill [26] .
Based on the simplified mechanical model, a finite element model of this retaining wall-soil system is established by the ANSYS program, as shown in Figure 8(a) . Based on modal tests and finite element modal analysis, the parameters ( 0 , , , , , , ) of this model are updated. The modal test is as shown in Figure 8(b) , where the exciting equipment is the DFC-2 hammer, as shown in Figure 9 (a). The sensors are 941B accelerometers, which are used to record acceleration signals. The frequency range of this sensor is 0.17∼100 Hz, and the sensitivity is 0.3 (V⋅s 2 /m). These sensors are fixed on the wall by a binder, as shown in Figure 9 (b). The signal collecting system is the JM3863A wireless vibration test system, as shown in Figure 9 (c). The signals collected by the JM3863A wireless vibration test system are transmitted to a computer by the JM1802 gateway, as shown in Figure 9 (d). Twenty-five measuring points are placed on the wall to obtain sufficient modal information (frequencies or mode shapes), as shown in Figure 8(b) . Here, the objective function is based on inherent frequencies of the wall-soil systems, and the design variables are undetermined parameters ( 0 , , , , , , ). The objective function Fit(X), which is based on inherent frequency, can be expressed as
where X is a vector on undetermined parameters, is the number of modal orders, is the th modal frequency by the modal test, and̃is the th modal frequency by the element modal analysis. In this paper, let = 5. Initial values of the design variables ( 0 , , , , , , and ) are 2e7, 1, 0.5, 50, 0.5, 0.5, and 0.005, respectively. After the finite model updating, the design variables ( 0 , , , , , , and ) reach optimum values (2.16e7, 1.11, 0.67, 55.08, 0.6371, 0.4981, and 8.81e − 4) when the objective function, which is based on modal frequencies, reaches its minimum value (1.67e−9). The finite element model based on these optimum parameters is referred to as the baseline finite element model of this pile plate retaining wall-soil coupling system. To date, there is no calculation formula for the safety factors of the pile plate retaining wall in current codes (China). According to the literature [26, 32] , and can be expressed as follows:
Shock and Vibration where is a resultant force (sliding force) on the retaining wall back; is the distance between the resultant force point and wall toe; is a resultant force (antisliding force) on the retaining wall front; is the distance between the resultant force point and wall toe, as shown in Figure 10 .
The alarming index ERSD is used as an alarm for the damage stability of this retaining wall. First, the initial stability of this wall is analyzed. The initial earth pressure 0 is known via the finite element model updating. According to (18) , the initial antisliding safety factor can be expressed as follows:
and according to (19) , the initial antioverturning safety factor can be expressed as follows:
In light of the literature [32] , the initial stable state of this retaining wall is stable due to = 12.84 > 1.3 and = 2.76 > 1.6.
In light of the literature [23] , collapse or stability loss of retaining wall structures is caused by damage in the wall, backfill, and anchoring section. Generally, damage in the wall never leads to wall collapse, whereas damage in the backfill or anchoring section is the main cause for collapse of retaining wall structures. The additional stiffness will change when the backfill or anchoring section is damaged under operation conditions. The variation in additional stiffness leads to the changes in earth pressure, which causes variation in the stability of the retaining wall under operation conditions. At the same time, changes in the additional stiffness causes a variation in the alarming index, which is based on the virtual impulse response function of responses to the baseline finite element model of the wall-soil system because the normal additional stiffness ( = ) is a parameter of the baseline finite element model of the wall-soil system. The retaining wall reaches a critical stable state when the alarming index reaches the threshold value. Thus, the next alarm for damage stability of the retaining wall is caused by damage in the backfill and anchoring section, respectively, under operation conditions.
Alarming for Damage Stability of the Retaining Wall due
to Damage in the Backfill. Based on the baseline finite element model of this pile plate retaining wall-soil coupling system, damage in the backfill can be simulated by changing the coefficient of subgrade reaction . Additionally, eight damage cases are listed in Table 2 . To record dynamic response signals, two measuring points are assigned on the wall, as shown in Figure 11 .
Via wavelet packet decomposition of the virtual impulse responses function of responses at the reference point and calculating point, the wavelet packet frequency band energy spectrum is obtained. The wavelet packet feature frequency band vector spectrum is created. Then, the wavelet packet damage feature vector spectrum is acquired. The alarming index is obtained from (17) . With the increased coefficient of subgrade reaction, the alarming index values increase, but the safety factor values decrease. The antisliding safety factor ⩾ 1.3 and the antioverturning safety factor ⩾ 1.6 when the alarming index ERSD < 8.924. According to the Code Design for Building Foundation (China) [32] , the retaining wall is in a stable state when ERSD < 8. Figure 12 .
to Damage in the Anchoring Section. As mentioned above, damage in the anchoring section can also be simulated by a decrease in additional stiffness, which is relevant to the coefficient of subgrade reaction . Six cases are simulated, as listed in Table 3 . With the decreased coefficient of subgrade reaction, the alarming index values increase but the safety factor values decrease. The antisliding safety factor ⩾ 1.3 and the antioverturning safety factor ⩾ 1.6 when the alarming index ERSD < 9.503. Thus, the retaining wall is in a stable state. ⩾ 1.3 and 1.3 < < 1.6 when 9.503 ⩽ ERSD < 20.942. Thus, the retaining wall is essentially in a stable state. ⩾ 1.3 but < 1.0 when ERSD ⩾ 20.942. Thus, the retaining wall is in an unstable state, as shown in Figure 13 .
Discussion
Due to the diversity of the retaining wall types, the simplified mechanical model of the retaining wall-soil coupling system, baseline finite element model of the wall-soil system, and calculation formulas for the safety factors (including antisliding safety factor and antioverturning safety factor) are not the same. However, the principle of damage stability alarming for retaining walls is the same. Thus, the damage stability of different types of retaining walls can also be alarmed by this stability alarming method. However, there are certain limitations to this alarming method.
(1) It is assumed that no external loads or constant loads are applied to the backfill and the wall with the relationship between earth pressure and coefficient of subgrade reaction. However, this method may be not suitable when the external loads are variable. (2) It is assumed that the effects of water pressure on the wall are not considered. Thus, this method is suitable for the condition that the water content in the backfill is low. This method is not suitable when the backfill water content is high.
(3) It is assumed that the distribution of the earth pressure is linear. In practice, linear earth pressure is rare. The classical Rankine's earth pressure theory or Coulomb's earth pressure theory may be more suitable when the earth pressure on the wall is calculated.
(4) According to the soil mechanic principle [33] , the compression index is a constant when the backfill is compressed sufficiently. The -lg curve is a straight line (curve (bc) in Figure 5 ), and the earth pressure is a function of one variable coefficient of subgrade reaction. Based on the coefficient of the subgrade reaction, the relationships among the alarming index, earth pressure, and damage stability of the retaining walls are analyzed. The alarming index can be used as an alarm for the damage stability of retaining wall structures. Nevertheless, the compression index is a variable when the backfill is compressed insufficiently. The -lg curve is no longer a straight line (curve (ab) in Figure 5 ), and the earth pressure is a function of two variables: the coefficient of subgrade reaction and the compression index. Under this condition, this method is not suitable for the damage stability alarming for retaining walls. Thus, this alarming method is suitable only for the backfill, which is compressed sufficiently.
(5) In this work, the feasibility and validity of this method are verified only by numerical tests. Further investigation of damage stability alarming for retaining wall structures via field tests is still necessary in the future.
Conclusions
In this paper, the effects of damage emerging from a retaining wall-soil system on stability of the wall are investigated without considering the effects of other factors (such as external loads or water pressure) on the stability of the wall. On the basis of mechanical analysis, finite element model updating, and wavelet packet damage alarming theory, the influences of damage within retaining walls on stability of the wall are examined.
Via a mechanical analysis of the retaining wall-soil system, the interaction between the wall and backfill is equivalent to additional stiffness. The backfill is equivalent to additional mass. Next, a simplified mechanical model of this retaining wall-soil system is acquired. Based on this simplified mechanical model, a finite element model of the retaining wall-soil system is established. Via modal tests and finite element modal analysis, a baseline finite model of this retaining wall-soil system is obtained. Based on a virtual impulse response function of dynamic responses to this baseline finite model, a damage alarming index ERSD is proposed. Then, the relationship between the earth pressure and coefficient of subgrade reaction is analyzed. It is demonstrated that the earth pressure is a function of the coefficient of subgrade reaction. Based on the finite element model updating and alarming index, the relationship between the alarming index and coefficient of subgrade reaction is analyzed. It is shown that the alarming index is determined by the coefficient of subgrade reaction. Thus, it is though the coefficient of subgrade reaction that the damage alarming index, earth pressure, and stability of the retaining wall are related. Damage emerging from walls will reduce the stability of retaining walls. Consequently, a damage stability alarming method for retaining wall structures is proposed. The damage stability of a pile plate retaining wall is alarmed via this alarming method. With an increased alarming index, the stability of the wall reduces gradually. The wall reaches a critical stable state when the alarming index reaches its threshold value. Thus, this alarming method can be used as an alarm for damage stability of retaining wall structures.
As an alarm for the stability of the retaining wall-soil system with damage, the external loads on the wall or backfill are assumed to be constant, the distribution of earth pressure on the wall is linear, the backfill is compressed sufficiently, and the water pressure on the wall is ignored. In practice, the external loads may be variable, the distribution of earth pressure is always nonlinear, the backfill may be compressed insufficiently, and the water pressure must be considered. Thus, the application of this stability alarming method is limited due to these assumptions.
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